Low back pain appears to be associated with impaired trunk postural control, which could be caused by proprioceptive deficits. We assessed control of trunk posture in conditions requiring high and low precision, with and without disturbance of proprioception by lumbar muscle vibration. Twenty a-specific low back pain patients and 13 healthy controls maintained a self-chosen upright trunk posture. Initial frontal and sagittal plane angles of an opto-electronic marker on the 12th thoracic spinous process defined the center of a target area on a monitor. Subjects were instructed to stay within that target and visual feedback was provided when they left the target. The precision demand was manipulated by changing target size. The standard deviation of trunk angle quantified precision and mean Euclidian distance to target center quantified accuracy. Ratios of antagonistic co-activation were calculated from trunk muscle electromyography recordings. With the small target, visual feedback was present intermittently and patients controlled their trunk as accurately and precisely as healthy controls. For the large target, subjects mostly stayed within the target, and patients were on average 0.18 o (31%) less accurate than healthy controls (p=0.025), due to a larger postural drift. Lumbar muscle vibration deteriorated control over trunk posture in both groups and ratios of antagonistic co-activation did not differ between groups or conditions. These results indicate that the weighting of proprioceptive feedback from lumbar muscle spindles did not differ between groups and that low back pain patients were less able to detect low frequency drift in posture.
Introduction
Differences in motor behavior between low back pain (LBP) patients and healthy control subjects have been demonstrated in a variety of tasks, e.g. during walking and in response to several perturbations [29] [30] [96] [97] [98] . Such differences may be causal for LBP, but could also be effects of LBP. Changes as a result of LBP might subsequently either promote or protect against recurrence and/or chronicity of LBP, implying that differences in motor behavior are not necessarily appropriate targets for intervention [33] . Nevertheless, motor behavior has been targeted in conservative interventions to LBP, and with some success but rather limited effect sizes [15] .
Published evidence indicates that LBP patients may have impaired control over trunk posture and movement [96, [99] [100] and if present such impairments could promote recurrence and/or chronicity of LBP. Impairments of trunk control are reflected in reduced accuracy and precision of trunk movement. Accuracy is high when the mean difference between a desired movement/posture and the actual trunk movement/posture is small, whereas precision is high when the variability of trunk movement is low. Descarreaux and colleagues studied repositioning accuracy in moving toward different trunk postures. No difference in accuracy was found between LBP patients and healthy control subjects, but a subgroup of patients needed substantially more practice trials to achieve similar levels of accuracy and moved slower during the repositioning tasks [99] . Willigenburg and colleagues studied accuracy in a tracking task that required circular movements of the trunk. On average, LBP patients made larger errors than healthy subjects [100] .
Possibly, trunk control impairments in LBP patients are caused by impaired trunk proprioception. Previous studies with paraspinal muscle vibration, which is known to perturb proprioceptive feedback from muscle spindles [101] , showed that the weighting of proprioceptive feedback from lumbar muscle spindles relative to proprioceptive feedback from calf muscles is lower in LBP patients than in healthy control subjects [52, 54] . In addition, when performing a tracking task with the trunk, accuracy was less affected by lumbar muscle vibration in LBP patients than in healthy control subjects [100] . These findings may point to disturbed proprioceptive information from the trunk muscles, reduced reliance on such information, or both.
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If indeed proprioception is impaired, this might be compensated for by trunk stiffening through antagonistic co-activation [42] . Indications for the use of such a stiffening control strategy have indeed been observed in LBP patients performing slow sagittal plane trunk movements [37] , but not in the trunk tracking task mentioned above [100] . This may suggest that, whereas LBP patients show increased trunk muscle co-activation in general, and do not further increase co-activation under precision demands, healthy subjects increase co-activation to the level of LBP patients under precision demands. In line with this, we found no modulation of co-activation in healthy subjects over tasks with varying, but all quite high precision demands [91] .
In the present study, we evaluated accuracy and precision of the control of an upright trunk posture, as well as trunk muscle co-activation levels in LBP patients and healthy controls, in conditions with high and low precision demands. To evaluate the effect of proprioception disturbance, experimental tasks were performed in conditions with and without lumbar muscle vibration. We hypothesized that LBP patients would be less accurate and less precise in conditions without lumbar muscle vibration. Furthermore, because LBP patients may either have impaired trunk proprioception or may rely less on trunk proprioception than healthy subjects (as described above), we hypothesized that disturbance of proprioception by lumbar muscle vibration would have a larger effect in healthy subjects than in LBP patients. Finally, we hypothesized that trunk muscle coactivation would be higher in LBP patients in the non-precise condition only.
Methods

Subjects
Inclusion criteria for the LBP patient group included self-reported LBP for at least the past six weeks, specific diagnosis excluded by a general practitioner or physical therapist, no previous surgery on the spine, no other conditions (e.g. neurological or mental disorders, allergy to plaster) hindering participation or performance, age between 18 and 65, and a score ≤105 on a yellow flags screening questionnaire [94] which indicates low to moderate level of risk for chronicity based on psychosocial factors. Twenty LBP patients (11 male, 9 female) who fulfilled these criteria and 13 healthy controls (9 male, 4 female) with no history of LBP participated in the experiment. No Precision control of an upright trunk posture in low back pain patients 56 significant differences (all p≥0.455) between subject groups existed in age and BMI (averages (SD) of 33.4 (15.5) vs. 34.3 (11.9) years and 23.6 (3.0) vs. 22.9 (2.4) kg/m 2 for LBP patients and healthy controls, respectively). LBP patients scored 2.7 (1.9) cm on a 10 cm visual analogue pain scale at the start of the measurements. The experimental protocol was approved by the local medical ethics committee and all subjects provided written informed consent before participating. At the beginning of each trial, the subject was instructed to adopt a neutral posture. Then data collection started and the first data sample was used to determine the neutral trunk angle, which was projected at the center of the screen, surrounded by a yellow square target area. Subjects were instructed to stay within the target area for 30 seconds during each trial. In the first 5 seconds, a black dot (diameter 92 pixels), representing the trunk angle in real-time was visible. After that, visual feedback was only provided when subjects left the target. When that happened, the side at which the subject crossed the target border turned red, indicating that the trunk angle should be adjusted in the opposite direction.
Experimental setup
To manipulate the precision demand, the target square was small in half of the trials and large in the other half. The small target (100x100 pixels) imposed a high precision demand; the margin in trunk angle was only 0.2 o (4 pixels) from the target center in each direction. The large target (200x200 pixels reflecting a margin of 2.7 o (54 pixels)) was chosen such that subjects could stay within the target without much effort, to impose no or only a very low precision demand. 
Data analysis
Due to practical issues such as turning on the vibrating motor and transitioning from continuous to intermittent visual feedback, the first 5 seconds of each trial were discarded from further analysis. Opto-electronic data were 2.5 Hz low pass filtered (2 nd order bidirectional Butterworth) before trunk angles in the frontal and sagittal planes were contaminated by the muscle vibration, therefore they were discarded from analysis.
Statistics
For accuracy, precision and co-activation ratios, repeated measures ANOVAs, with group (LBP patients vs. healthy controls) as between-subject factor and target size (large vs. small) and vibration condition (with vs. without) as within-subject factors, were performed in SPSS 16.0. When a significant interaction with the factor group was found, follow up ANOVAs were performed to test the effect of group for the within-subjects factor separately.
Percentage time on target was almost always 100% for the large target. Therefore, for percentage time on target, ANOVA's were only applied to the small target and the factor target was omitted. The level of significance was set at α<0.05 and p-values between 0.05 and 0.10 were marked as non-significant tendencies.
Results
As noted above, when the target was large, percentage time on target was almost always 100% in both groups and vibration conditions. When the target was small, no significant main effect of group (82.5% and 78.9% for the healthy controls and LBP patients, respectively; p=0.179) or group x vibration interaction (p=0.737) was found. However, time on target was significantly affected by vibration condition (86.5% without versus 75.0% with lumbar muscle vibration; p<0.001).
For both groups, the effects of target size and vibration condition on precision and accuracy of trunk control are shown in Figure 4 .4. For precision, no main effect of group (p=0.507) or interaction with group (all p≥0.424) was found. Significant main effects of target size and vibration (both p≤0.003) indicated that both LBP patients and healthy subjects were more precise when the target was small and that precision decreased with lumbar muscle vibration in both groups. A significant interaction between target and vibration condition (p=0.040) indicated that effects of vibration on precision were smaller when the target was small. Apparently, the visual feedback when subjects left the target compensated for the disturbance of proprioception.
For accuracy, a significant main effect of group (p=0.016) as well as a significant group x target interaction (p=0.044) was found. This indicated that LBP patients deviated 
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To gain further insight of the difference between LBP patients and healthy controls in accuracy that did not coincide with an effect of group on precision, we evaluated how the Euclidian distance to the target center changed over time. By comparing the average over the last 3 seconds of each trial between groups, we assessed whether the lower accuracy in the LBP group in conditions with a large target was associated with a larger postural drift.
LBP patients indeed tended to drift away from the target center more than healthy control subjects. Although this main effect of group did not reach significance in a repeated measures ANOVA including all experimental conditions (p=0.077), LBP patients showed on average a 37% (0.20 o ) larger drift compared to healthy controls (p=0.044) in the condition with a large target and without lumbar muscle vibration (Figure 4 .5). 
Discussion
We evaluated the control of an upright trunk posture in LBP patients and healthy control subjects and compared the effects of precision demands and lumbar muscle vibration on accuracy, precision, and trunk muscle co-activation between groups. When the precision demand was high, and visual feedback was available intermittently, LBP patients were able to control their trunk as accurately and precisely as subjects without LBP. However, when the precision demand was low and limited visual feedback was available, LBP patients were less accurate and tended to drift further away from the target center when compared to healthy subjects. In these same conditions, no difference between groups was found for precision. Effects of lumbar muscle vibration were similar between groups and no significant differences in trunk muscle co-activation were found between groups or conditions.
Interestingly, both LBP patients and healthy subjects with no (history of) LBP were able to reduce the standard deviation of trunk angle to about 0.1 o when the precision demand was high. However, a difference between groups was found in accuracy when the Precision control of an upright trunk posture in low back pain patients 64 precision demand was low. LBP patients showed a larger mean Euclidian distance to the target center, which tended to coincide with a larger postural drift. Since visual feedback of trunk angle was very limited when the target was large, this suggests that LBP patients were less able to detect low frequency drift by proprioception.
However, the deterioration of accuracy and precision when vibration was applied to the paraspinal muscles indicates that, in the control group as well as in LBP patients, proprioceptive input from lumbar muscle spindles was an important source of information for controlling trunk posture. This contrasts with previous findings, which suggest that LBP patients tend to rely less on proprioceptive feedback from lumbar muscle spindles [52, 54, 100] . These conflicting findings might be explained by the availability of alternative sources of feedback. In the present study, visual feedback of trunk angle was only provided when subjects left the target. This occurred very rarely in the condition with a low precision demand and only intermittently in the condition with a high precision demand. Moreover, trunk angle was defined by the position of an opto-electronic marker on the spinous process of T12 while the pelvis was fixated, so only movements in the lumbar spine contributed to trunk angle changes. Therefore, lumbar proprioception was probably the main source of relevant information, at least during a substantial part of the measurements. In contrast, in a previous study [100] we provided continuous visual feedback of trunk angle during a tracking task that required precise trunk movements, which allowed for reduced weighting of lumbar proprioception in LBP patients (be it at the cost of reduced precision). In the studies by Brumagne et al. (2004) and Claeys et al. (2011) , vision was always occluded, but alternative sources of feedback were still available (e.g. vestibular information, pressure on support surface, proprioception from leg and upper trunk muscles), and postural sway was quantified by whole body center of pressure displacements [52, 54] . It seems that LBP patients only tend to rely on lumbar proprioceptive feedback as much as healthy subjects when alternative sources of relevant feedback are lacking.
The absence of any difference between groups in co-activation ratios indicates that LBP patients did not tend to stiffen their trunk more than healthy control subjects. One could argue that a ratio of co-activation (antagonist divided by agonist EMG amplitude)
could disguise increased co-activation when amplitudes in both muscle groups are equally higher in LBP patients. Re-analysis of EMG amplitudes for abdominal and back muscle groups separately, however, did not reveal such increased EMG amplitudes in LBP patients.
Although previous studies have reported increased levels of trunk muscle co-activation in LBP patients [37] [38] , possibly reflecting a guarding strategy to protect the affected area, we did not find indications for the use of such a strategy in the current study. The same group of LBP patients did not show increased levels of antagonistic co-activation during a spiral tracking task either [100] . Apparently, both the current trunk positioning task and the previously reported spiral tracking task did not trigger protective muscle recruitment strategies. This may be due to the highly self-controlled nature of these precision tasks combined with the absence of external perturbations.
The finding that higher precision demands did not coincide with increased A closer look at the non-significant trend towards an effect of lumbar muscle vibration on co-activation ratio revealed that EMG amplitude averaged over the abdominal muscles tended to increase, while EMG amplitude averaged over the back muscles remained similar when vibration was applied to the paraspinal muscles. Rather than increased trunk stiffening by antagonistic co-activation, this increased abdominal muscle activation probably reflects a change in trunk posture. Specifically, vibration resulted in an offset towards extension ( Figure 4 ) and thereby increased the gravity induced lumbar moment, which should be compensated by increased abdominal muscle activation.
Importantly, these effects were similar between groups, so again no indications for changes in trunk muscle recruitment in the LBP patients were found.
A potential limitation of the present study is that we compared LBP patients and healthy controls at a group level, while inconsistent findings between previous studies suggest that not all LBP patients show motor behavior that is different from healthy subjects [22, 33] . However, scatter plots of all reported outcome measures did not reveal any Precision control of an upright trunk posture in low back pain patients 66 subgrouping of patients, which legitimized our group level approach. A second limitation is that while the experimental task in the current study allows for focusing on the area of interest and eliminates potential compensation mechanisms, it does not represent a functional task. Therefore, one should be careful in extrapolating the present findings to daily life. Nevertheless, the present findings add to our understanding of LBP, in that the weighting of proprioceptive feedback from lumbar muscle spindles in LBP patients seems to depend on the availability of other sources of relevant information.
To summarize, LBP patients were as accurate and precise as healthy control subjects in controlling a self-chosen upright trunk posture only when the precision demand was high and visual feedback was intermittently available. Paraspinal muscle vibration deteriorated trunk control both in the LBP patients and in the healthy control subjects, which suggests that the weighting of proprioceptive feedback from lumbar muscle spindles did not differ between groups. We therefore conclude that the difference between groups in accuracy on the large target is likely to point at a reduced sensitivity to postural drift in LBP patients.
